Mutations in the non-lysosomal cysteine protease calpain-3 cause autosomal recessive limb girdle muscular dystrophy. Pathological mechanisms occurring in this disease have not yet been elucidated. Here, we report both morphological and biochemical evidence of mitochondrial abnormalities in calpain-3 knockout (C3KO) muscles, including irregular ultrastructure and distribution of mitochondria. The morphological abnormalities in C3KO muscles are associated with reduced in vivo mitochondrial ATP production as measured by 31 P magnetic resonance spectroscopy. Mitochondrial abnormalities in C3KO muscles also correlate with the presence of oxidative stress; increased protein modification by oxygen free radicals and an elevated concentration of the anti-oxidative enzyme Mn-superoxide dismutase were observed in C3KO muscles. Previously we identified a number of mitochondrial proteins involved in b-oxidation of fatty acids as potential substrates for calpain-3. In order to determine if the mitochondrial abnormalities resulted from the loss of direct regulation of mitochondrial proteins by calpain-3, we validated the potential substrates that were identified in previous proteomic studies. This analysis showed that the b-oxidation enzyme, VLCAD, is cleaved by calpain-3 in vitro, but we were not able to confirm that VLCAD is an in vivo substrate for calpain-3. However, the activity of VLCAD was decreased in C3KO mitochondrial fractions compared with wild type, a finding that likely reflects a general mitochondrial dysfunction. Taken together, these data suggest that mitochondrial abnormalities leading to oxidative stress and energy deficit are important pathological features of calpainopathy and possibly represent secondary effects of the absence of calpain-3.
INTRODUCTION
Calpain 3 (CAPN3) is a tissue-specific member of a family of non-lysosomal cysteine proteases that includes about 15 members (1, 2) . Mutations in CAPN3 cause an autosomal recessive form of limb girdle muscular dystrophy type 2A (LGMD2A) (3) .
LGMD2A is one of the most frequently occurring forms of LGMD which is characterized by a very high genetic variability (4 -6) . About 300 pathogenic mutations that are spread along the entire length of the gene (Leiden Muscular Dystrophy Database) have been identified. Most of these mutations are missense mutations that may or may not affect the proteolytic activity of CAPN3 (7) . A comprehensive analysis of the distribution and genotypephenotype correlation of CAPN3 mutations can be found in several studies of European populations (8, 9) .
Severity of LGMD2A can vary considerably even within a family. The onset of the disease is usually in the second decade of life but was reported to occur as early as 2.5 years and as late as 49 years of age. Predominant symmetrical and simultaneous involvement of pelvic and scapular girdle and trunk muscles without facial, oculo-motor or cardiac involvements is typical for LGMD2A (10, 11) . However, the course of disease progression as well as muscles affected by the disease can differ between LGMD2A patients. Characteristic histopathological features of LGMD2A include necrosis and regeneration, fiber diameter variability and/or atrophy (12 -14) . Electron microscopy examination of LGMD2A biopsies also revealed myofibrillar and mitochondrial abnormalities (12, 13) .
Molecular mechanisms of LGMD2A remain poorly understood. One of the difficulties in elucidating the pathological consequences of CAPN3 deficiency is that CAPN3 can potentially have a large number of substrates and binding partners and thus affect multiple cellular pathways (5) . Moreover, CAPN3 deficiency could potentially have secondary effects, i.e. effects that do not derive from the direct deregulation of CAPN3 substrates. This lack of understanding of CAPN3 biological roles has made elucidation of pathogenic mechanisms, and subsequent therapies, elusive.
To study the biological role of CAPN3, several genetic models have been generated, both deficient for CAPN3 (calpain-3 knockout, C3KO) (15, 16) and overexpressing fulllength or alternatively spliced CAPN3 transgenes (C3Tg) (17) . C3KO mice show features typical of a mild form of LGMD2A that include muscle atrophy, necrosis and regeneration and fiber diameter variability (15) . Studies of C3KO mice have implicated CAPN3 in the regulation of diverse cellular processes such as apoptosis and cytoskeletal re-arrangements (15,18 -22) . Our studies have shown that CAPN3 is necessary for the proper control of myoblast fusion and for their transition to the terminal stages of muscle differentiation. In the absence of CAPN3, late events of myogenesis, such as sarcomere formation, were observed to be greatly inhibited. Accordingly, C3KO mice have a reduced muscle mass and decreased rate of muscle growth in response to changes in muscle loading (18, 19) .
Upon fractionation of skeletal muscle extracts derived from post-natal mice, CAPN3 was found in several of the fractions including the myofibrillar, cytosolic and membrane fractions (23) . On the basis of these and previous studies, it is reasonable to hypothesize that CAPN3 performs different roles at each site. For example, CAPN3 is believed to be anchored to the sarcomere through its interaction with a large myofibrillar protein titin, which serves as a scaffold for sarcomeric proteins. Localization of CAPN3 in close proximity to myofibrillar proteins may allow it to play a role in their turnover (18, 24, 25) . Recently, a novel role for membrane-associated CAPN3 was uncovered. We showed that at the skeletal muscle triad, CAPN3 acts as a structural component that anchors aldolase and ryanodine receptors and ultimately regulates calcium release (23) . CAPN3 was also shown to interact with dysferlin and AHNAK and may play a role in the regulation of the dysferlin complex (26) . Thus, CAPN3 has diverse cellular roles as both a protease and, possibly, a structural protein.
In order to further elucidate the biological role(s) of CAPN3, we performed a search for potential CAPN3 substrates using a proteomic approach (27) . In these studies, two-dimensional gel electrophoresis was used to compare the proteomes of wild-type (WT) and C3Tg mice to identify spots that had decreased upon CAPN3 overexpression. It was presumed that proteins that showed a reduced concentration upon CAPN3 overexpression would be candidate in vivo substrates. As a result of these studies, a number of mitochondrial enzymes, particularly enzymes involved in b-oxidation of fatty acids, were identified as potential substrates for CAPN3 proteolytic activity (27) . Since mitochondrial abnormalities were reported to be a pathological feature of LGMD2A, we investigated the status of the mitochondria in C3KO mice and used this model to address the question of whether CAPN3 directly regulates mitochondrial enzymes as was suggested by our proteomics data. In this study, we used morphological, histochemical and biochemical methods to show that, similar to LGMD2A patients, mitochondria are abnormal in C3KO muscles. These abnormalities led to decreased ATP production and increased oxidative stress in C3KO muscle. These studies identify mitochondrial dysfunction as a feature of LGMD2A and suggest that therapeutic correction of the mitochondrial abnormalities may be beneficial for the treatment of patients with this disorder.
RESULTS

Disorganized and swollen mitochondria are present in C3KO muscles
Previously, we generated CAPN3-deficient mice and characterized their phenotype. We found that these mice replicate many features of a mild form of LGMD2A, including abnormalities of muscle ultrastructure (15) . We also noticed that the mitochondria were disorganized in C3KO mice. Interestingly, both electron microscopy and histochemical staining of human LGMD2A biopsies also revealed abnormalities in mitochondrial structure and distribution (12, 13) . In this study, we performed additional electron microscopic examination of C3KO muscles and found that not only are mitochondria disorganized in C3KO soleus (Fig. 1A -C) and diaphragm ( Fig. 1D ) muscles but in many cases the mitochondria had a swollen appearance with disrupted membranes (Fig. 1C, E and F).
Because of these observations of abnormal mitochondria in C3KO muscles, we further compared C3KO and WT mitochondrial distribution by histochemical methods. NADH staining (Fig. 2) confirmed an uneven distribution of mitochondria in C3KO diaphragm muscles, especially in older animals (1 year old). A similar uneven pattern was observed after SDH staining (not shown) of skeletal muscle. Thus, the presence of morphologically abnormal mitochondria is a feature of calpainopathy in both human and mouse muscle. These findings further validate the use of the C3KO mouse for the study of mitochondrial abnormalities associated with LGMD2A.
C3KO mitochondria are functionally deficient
To investigate whether structural abnormalities of mitochondria in C3KO muscles translate into functional deficits, we compared the in vivo mitochondrial ATP production in intact C3KO and WT gastrocnemius muscles using 31 P-MR spectra of 6-7-month-old C3KO and WT mice collected at rest showed no significant differences in resting metabolite concentration or intracellular pH (pHi), although the phosphocreatine (PCr) concentration in the C3KO tended to be lower (25.3 + 0.8 versus 29.2 + 2.0 mM). As anticipated, during 30 min of ischemia, there was a gradual decrease in muscle PCr and a concomitant increase in inorganic phosphate (Pi), followed by 
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Human Molecular Genetics, 2009, Vol. 18, No. 17 a progressive recovery after the restoration of blood flow. During 30 min of ischemia, the PCr levels decreased by 45-55%, whereas Pi levels increased 5-fold over the baseline. The pHi and ATP concentration did not change during the experiment. Despite similar pH levels at the end of ischemia, the initial rate of PCr resynthesis was significantly (P , 0.05) slower in the C3KO compared with WT mice. The initial rate of PCr resynthesis was 5.3 mM/min in WT mice and 3.0 mM/ min in C3KO mice ( Fig. 3A and B) . Decreased ATP production and energy deficit often lead to a compensatory mitochondrial proliferation. This increase in mitochondria number happens, for example, in respiratory chain disorders (28) . To address the question of whether or not there is a compensatory amplification of mitochondria in C3KO muscles, we measured the biochemical activity of citrate synthase, a mitochondrial matrix enzyme which is often used as a marker of a total mitochondrial content. These experiments showed a 24% increase in citrate synthase activity in total extracts of C3KO diaphragm and 16% in total extracts of C3KO tibialis anterior muscles compared with the corresponding WT muscles (Fig. 3C ), thus suggesting that mitochondrial proliferation is a feature of calpainopathy.
Evaluation of mitochondrial proteins as potential substrates of CAPN3
Although the findings of abnormal mitochondrial function in C3KO revealed a correlation between loss of CAPN3 and reduced ATP production, it is not yet clear whether these defects result from the loss of direct proteolytic regulation of mitochondrial proteins by CAPN3. Previously, we used a proteomic approach to identify potential substrates of CAPN3. Comparison of the proteomes of C3Tg mice and their non-transgenic counterparts by two-dimensional gel electrophoresis identified several metabolic enzymes, five of which are known to operate in the b-oxidation of fatty acids, suggesting that CAPN3 might be directly involved in the regulation of mitochondrial proteins by proteolytic cleavage and that the loss of this function could trigger an inability to produce ATP in the mitochondria (27) .
In order to understand whether CAPN3 directly regulates mitochondrial proteins, we first determined whether previously identified enzymes of b-oxidation can be cleaved by CAPN3 in vitro. A schematic of the b-oxidation of fatty acids that occurs in association with the inner mitochondrial membrane is shown in Figure 4A (proteins identified as potential CAPN3 substrates are boxed). The cDNA that codes for each of the putative substrates was isolated from muscle mRNA by RT -PCR and cloned into an insect baculovirusbased expression vector. To identify recombinant proteins, a V5 epitope was introduced at the C-terminus of each protein.
In order to validate whether CAPN3 could cleave the potential substrates, individual enzymes were co-expressed with either proteolytically active or inactive (carrying C129S mutation) forms of CAPN3. As shown in Figure 4B and C, of all potential substrates tested, only VLCAD was cleaved by CAPN3 upon co-expression in the insect cells. All other proteins that were tested demonstrated resistance to CAPN3 proteolytic activity, since no difference in concentration or molecular weight was found after co-expression with active forms of CAPN3 or inactive C129S mutant (Fig. 4C) . Thus, among the five potential substrates of b-oxidation identified by initial proteomic studies, only VLCAD was cleaved by CAPN3.
VLCAD concentration in vivo is not regulated by CAPN3
To verify whether VLCAD is a bona fide substrate of CAPN3, we compared the concentration of VLCAD in diaphragms of WT and C3KO mice. Any protein that is an in vivo substrate for CAPN3 is expected to accumulate in protein extracts from C3KO muscles. As shown in Figure 5A , no difference was observed in the concentration of VLCAD between WT and C3KO mitochondrial extracts prepared from diaphragm muscles.
It was shown previously that a member of the calpain family, m-calpain, is present in mitochondria, where it is involved in the regulation of mitochondrial proteins, including the regulation of apoptosis-inducing factor (29) . To determine whether CAPN3 is also present in mitochondria, we performed western blot analysis of mitochondrial fractions isolated from diaphragms using anti-CAPN3 antibody. Figure 5B demonstrates that although CAPN3 is readily detectable in the cytosol-and membrane-containing WT supernatant, no CAPN3 was detected in mitochondrial fractions. Thus, despite the results of the proteomic analysis and in vitro cleavage experiments, we were not able to prove that VLCAD is a physiological substrate for CAPN3. Moreover, the absence of CAPN3 in mitochondrial extracts makes it unlikely that CAPN3 is directly involved in the regulation of any mitochondrial proteins, at least inside mitochondria.
Activity of VLCAD is decreased in C3KO muscles
Beta-oxidation of fatty acids occurs in close association with the inner membrane of mitochondria, and the integrity of Human
this membrane has been suggested to be important for the pathway function. Mitochondrial membrane integrity was previously shown to be important for VLCAD activity. For example, during cardiac ischemia, the activity of VLCAD, but not its concentration, was decreased (30) . As shown in Figure 1 , mitochondria from C3KO muscles have a 'swollen' appearance, suggesting that the membrane integrity in those mitochondria may be disrupted. Even though the concentration of VLCAD was unchanged in C3KO mitochondria, we investigated whether the abnormal mitochondrial structure may be affecting VLCAD activity in C3KO muscles. These studies showed that VLCAD activity was decreased in C3KO diaphragm muscles by 20% compared with WT (Fig. 6) . Thus, even though CAPN3 does not regulate VLCAD directly, the activity of the enzyme is affected by the absence of CAPN3. Taken together, these results suggest that the absence of CAPN3 indirectly leads to reduced mitochondrial function.
Evidence of oxidative stress in C3KO muscles
Functionally deficient mitochondria are known to produce elevated reactive oxygen species (ROS) which leads to the oxidative modification of various macromolecules. This condition, called oxidative stress, has been shown to play an important role in the pathogenesis of many diseases such as cancer, neurodegeneration and cardiovascular disease, as well as in the normal physiological process of aging (31 -34) . To address the question of whether mitochondrial abnormalities might lead to oxidative stress in C3KO muscles, we used a protein oxidation detection kit (Chemicon) which allows for the detection of carbonyl groups introduced into protein side chains as a consequence of oxidative modification of proteins. As shown in Figure 7A , the level of oxidized proteins in C3KO diaphragm muscle extracts from 10-11-month-old animals was elevated compared with agematched WT muscles. Interestingly, the accumulation of carbonyl-modified proteins appears to be progressive with age since the accumulation of oxidized proteins was much lower in C3KO mice at 2 months of age (Fig. 7B ).
There are several mechanisms to protect cells against ROS, including enzymatic modification of the ROS. Antioxidant metalloenzymes, called superoxide dismutases (SOD), catalyze the redox dismutation of superoxide radical into the less harmful oxygen and hydrogen peroxide. An increased concentration of these enzymes is considered to be indicative of oxidative stress as a mechanism used by cells to buffer the extra ROS. Western blot analysis of Mn-SOD in extracts from 1-year-old C3KO and WT muscles is presented in Figure 7C . Quantitative analysis of this blot revealed an 50% increase in the Mn-SOD concentration in C3KO muscles compared with WT muscles.
In conclusion, these data indicate that CAPN3 deficiency is associated with mitochondrial abnormalities and oxidative stress, and therapeutic management of these defects may be helpful for calpainopathy patients. Thus, these studies may reveal a novel therapeutic target for the treatment of LGMD2A.
DISCUSSION
In these studies, we described abnormalities in mitochondrial ultrastructure, distribution and function in skeletal muscles lacking the non-lysosomal cysteine protease CAPN3. We showed that these abnormalities likely represent a secondary effect of calpainopathy since CAPN3 is neither present in muscle mitochondrial fractions, nor can it cleave any of the mitochondrial proteins that we tested as potential CAPN3 substrates in vivo.
Mitochondrial abnormalities have been reported for several different types of muscular dystrophy, even those not caused by mutations in mitochondrial DNA or in genes coding for mitochondrial proteins. The most relevant to our study are the observations of increased and disorganized mitochondria in Japanese LGMD2A patients (12,13) and a clinical case of an LGMD2A patient with symptoms of a metabolic disorder (35) . Decreased energy production and mitochondrial swelling were also reported for Duchenne muscular dystrophy caused by mutations in the dystrophin gene, in mice lacking d-sarcoglycan or laminin a-2 chain, and in both the mouse model and patients with collagen VI myopathies (36 -38) . In all these cases, the mutated genes did not have a direct or obvious involvement in mitochondrial metabolism. Thus, Figure 5 . VLCAD concentration is not elevated in C3KO muscles. (A) Mitochondrial fractions from diaphragm muscles of four WT and four C3KO males were stained for VLCAD (upper panel). No difference was found between C3KO and WT muscles, suggesting that VLCAD is not a bone fide substrate of CAPN3 in vivo. (B) Although CAPN3 was readily detectable in the WT fraction that contained cytosol and membrane, no CAPN3 was detected in the mitochondrial fraction from WT muscle (upper panel). C3KO muscles were examined as a negative control. Staining with anti-VLCAD antibodies was performed to confirm that the mitochondrial fractionation was carried out successfully (lower panel). Middle panel shows protein loading.
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Human Molecular Genetics, 2009, Vol. 18, No. 17 mitochondrial abnormalities are likely a secondary feature of many different types of muscular dystrophy. It is not clear why and how deficits in structural components of the dystroglycan complex (dystrophin, d-sarcoglycan) or extracellular matrix proteins (collagen VI, laminin a-2 chain) may result in mitochondrial dysfunction. A leading hypothesis is that the impairment of the ability of the dystroglycan complex to interact with extracellular matrix proteins causes the instability of the sarcolemma and the influx of extracellular calcium. This, in turn, leads to increased intracellular calcium that is buffered by the mitochondria, which triggers changes in mitochondrial membrane permeability. Indeed, increased influx through a dystrophin-deficient membrane has been demonstrated; however, normal or even lower cytosolic calcium can be maintained in mdx muscles, possibly due to robust calcium homeostasis mechanisms (reviewed in 39). On the other hand, detailed studies of collagen VI-deficient myofibers that have abnormally swollen and dysfunctional mitochondria revealed no change in intracellular calcium levels even in the presence of 20 mM extracellular calcium (36) . We did not find any evidence of sarcolemmal instability in C3KO mice. Even after treadmill running exercise or increased muscle loading, C3KO muscles did not show an increase in muscle membrane damage (18) . Moreover, calcium release upon activation is decreased in C3KO muscle compared with WT (23) . These data suggest that mechanisms other than calcium overload can trigger mitochondrial defects. One explanation for the mitochondrial abnormalities in calpainopathy might be decreased protein turnover of CAPN3 substrates in C3KO muscles. The accumulation of these proteins can lead to the formation of insoluble protein aggregates and increased cytotoxicity, which with time (in older animals) may affect normal mitochondrial homeostasis. We have some experimental support for the formation of insoluble aggregates in older C3KO mice, which was published earlier (18) . Recently, it was shown that increased cytotoxicity induced by overexpression of Huntingtin proteins caused significant alterations in mitochondrial dynamics, particularly mitochondrial fragmentation (40) . Figure 6 . VLCAD activity is decreased in C3KO muscle. Mitochondria were isolated from six C3KO and six WT muscles for the analysis of VLCAD concentration and activity. (A) Western blots of mitochondrial fractions were stained with anti-VLCAD antibodies and with antibody against another mitochondrial protein (anti-CPT-2 antibody). (B) VLCAD activity assay. Protein concentration in the extracts was measured using the Bio-Rad Protein Assay Kit to ensure that an equal amount of the mitochondrial protein was used for measurements of VLCAD enzymatic activity. VLCAD activity was measured as described in Materials and Methods. Measurements of absorbance at 300 nm were taken after 30 s, 1 min and then every minute. The average WT VLCAD activity at each time point was set to be 100% activity. An 20% decrease in VLCAD activity was found in C3KO muscles compared with WT.
Even though the exact mechanisms that lead to mitochondrial abnormalities remain unclear, the overall harmful effects of this dysfunction on disease progression raise no doubts. Mitochondria are key regulators of cell survival, and the involvement of mitochondria in the pathogenesis of many progressive diseases has been observed in neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease and amyotropic lateral sclerosis (41) . Muscular dystrophies are also progressive disorders that lead to muscle cell death through necrotic or apoptotic mechanisms. Apoptosis, in particular, was shown to be elevated in LGMD2A patients (21) . We did not find any evidence of increased apoptosis in C3KO mice (15) but the mice have a much milder disease phenotype compared with the LGMD2A patients. Since other signs of mitochondrial dysfunction are present in C3KO mice (such as a deficit of ATP production and increased oxidative stress), managing mitochondrial dysfunction by therapeutic means may provide benefits for patients with LGMD2A.
A few studies have been done that generated promising results in improving pathology through pharmacological correction of mitochondrial dysfunction (38, 42) . The loss of membrane potential and increased mitochondrial membrane permeability occurs owing to the opening of the so-called permeability transition pore (PTP). The PTP is a large protein complex that spans the outer and inner membranes, and its activation induces loss of potential and mitochondrial swelling (43) . Recent studies in several diseases demonstrated that the PTP is a valid target for therapeutic management. First, it was shown that the treatment of collagen VI knockout mice with cyclosporin A (CsA), a widely used immunosuppressant that desensitizes the PTP and inhibits its opening, significantly decreased the number of apoptotic nuclei and improved overall muscle morphology (36) . Myoblasts from human collagen VI-deficient myoblasts also showed improvement in mitochondrial morphology and apoptosis after treatment with CsA (42) . Recently, CsA was used to treat four patients Figure 7 . Evidence of increased oxidative stress in 1-year-old C3KO muscles. OxyBlot TM Protein Oxidation Detection Kit (Chemicon) was used for the immunoblot detection of carbonyl groups introduced into proteins by oxidative reactions. (A) Measurements of protein oxidation by OxyBlot in old C3KO mice. The concentration of oxidized proteins was higher in diaphragm muscles isolated from 10-11-month-old C3KO mice compared with diaphragm muscles isolated from WT mice of the same age. (B) Measurements of protein oxidation by OxyBlot in young C3KO mice. Only one out of three diaphragm extracts isolated from 2-month-old C3KO mice had an elevated concentration of oxidized proteins compared with the age-matched WT mice. (C) Quantitative western blot analysis showed that Mn-SOD concentration is also elevated in C3KO muscles from 1-year-old mice.
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with Ullrich congenital muscular dystrophy and one patient with Bethlem myopathy; both diseases are due to mutations in collagen VI (44) . A significant improvement of mitochondrial dysfunction and apoptosis was found after 1 month of oral CsA administration. More recently, another cyclosporine (Debio-025) that retains the PTP-desensitizing activity but does not interact with calcineurin and does not have an immunosuppressant effect became available (45) . Debio-025 acts as an inhibitor of cyclophilin D, a mitochondrial matrix prolyl cis -trans isomerase that directly regulates mitochondrial permeability transition (46) . Recently, double-knockout mice were described that carry deletions of either d-sarcoglycan (one of the components of the dystroglycan protein complex) or laminin a-2 chain in combination with the deletion of cyclophilin D gene (38) . Both types of the double-knockout mice showed markedly decreased dystrophic features in skeletal muscles and heart. Moreover, pharmacological inhibition of cyclophilin D with Debio-025 also reduced disease manifestation in d-sarcoglycan-deficient and dystrophin-deficient mice (38, 47) . Debio-025 also improved phenotype of human collagen VI-deficient myoblasts and can potentially be used to treat mitochondrial dysfunction in patients (42) .
Our studies demonstrate for the first time that mitochondrial abnormalities and associated energy production deficits along with increased oxidative stress are pathogenic features of calpainopathy. Pharmacological correction of mitochondrial abnormalities, common for different types of muscular dystrophies, is emerging as a new therapeutic avenue for improving the quality of life for muscular dystrophy patients. These studies in the C3KO mouse suggest that pharmacological control of these conditions could also be beneficial for LGMD2A patients.
MATERIALS AND METHODS
Electron microscopy and histochemistry
Diaphragm and soleus muscles were prepared for electron microscopy as described previously (48) . Briefly, muscles were dissected from three WT and three C3KO mice and fixed in 1.4% glutaraldehyde in 0.2 M sodium cacodylate buffer, pH 7.2 for 30 min on ice, followed by buffer rinse and fixation for 30 min in 1% osmium tetroxide. Sections were prepared from the epoxy resin embedded samples and examined under the electron microscope model JEM-1200EX (JEOL, Japan) equipped with BioScan 600 W digital camera (1024 Â 1024 pixels). DigitalMicrograph 1.2 software (Gatan, USA) was used to generate images.
NADH and SDH staining was performed on 8 mm transverse cryostat sections after quenching in liquid nitrogen as described previously (49) .
In vivo mitochondrial ATP production 31 P MRS measurements were performed on the hind limb muscles of seven WT and eight CAPN3 knockout mice (all 6-7-month-old). All spectra were acquired using an 11.1 T/ 470 MHz Bruker spectrometer (PV3.02) and a custom-built 6 mm Â 12 mm oblong 31 P surface coil. The mice were anesthetized using 1.5% gaseous isoflurane. The animal's right hind limb was extended, and the 31 P surface coil was placed over the belly of the gastrocnemius muscle. A 3 cm 1 H surface coil was placed underneath the hind limb to perform localized shimming. An inflatable blood pressure cuff was positioned around the animal's thigh.
A reversible ischemia model was used to study kinetic changes in the energy-rich Pi content and the rate of PCr recovery, a measure of in vivo mitochondrial function. A 30 min period of ischemia was chosen to induce 50% depletion in the PCr content and a minimal change in pHi, as described previously (50, 51) . Spectra were acquired with a 50 ms square pulse, a pulse repetition time of 2 s, sweep width of 10 000 Hz and 8000 complex data points. Sequential 31 P spectra were acquired in 30 s bins at rest (10 min), during ischemia (30 min) and throughout recovery (30 min).
The spectra were manually phased and the areas of the g-ATP, inorganic Pi and PCr peaks at rest were determined using area integration and corrected for saturation (50, 51) . Kinetic changes in PCr during recovery were measured using principal component analysis (52) . The initial rate of PCr recovery (mM min 21 ), a direct measure of ATP synthesis, was determined during the first 3 min following the restoration of blood flow. pHi was calculated from the chemical shift of Pi.
Tissue processing and citrate synthase activity assay Frozen tibialis anterior or diaphragm was thawed in iced 0.15 M KCl solution, blotted, weighed and transferred to a hand-held glass Potter homogenizer in 10 vol:weight homogenization buffer (20 mM HEPES, 120 mM KCl, 5 mM MgCl 2 , 1 mM EGTA, pH 7.2, 0.5% fatty acid free BSA, 50 U/ml sodium heparin). The 10% homogenate was centrifuged at 1000g for 20 min. The supernatant was frozen and thawed four times and then diluted 1:10 vol:vol in 50 mM potassium phosphate, 250 mM sucrose, 0.5% taurodeoxycholic acid, pH 7.0, in order to break open the mitochondrial membranes and release citrate synthase. The diluted sample was kept on ice. Citrate synthase activity was assayed by following the release of CoA-SH at 258C by increasing absorbance at 412 nm owing to the reaction of CoA-SH with 5,5 0 -dithiobis-2-nitro-benzoic acid (DTNB, Ellman's reagent) to yield 5-thio-2-nitro-benzoic acid (TNB). Reaction mix consisted of 0.1 mM DTNB, 0.3 mM acetyl-CoA, 0.5 mM oxaloacetate and the diluted supernatant. An extinction coefficient of 13.6 mM 21 cm 21 was used to calculate the rate of TNB formation and citrate synthase activity.
Muscle protein extract preparation for western blot analysis and protein oxidation detection
For western blot analysis, diaphragm muscles were homogenized in a Dounce homogenizer in reducing sample buffer [80 mM Tris, pH 6.8, 0.1 M dithiothreitol, 2% SDS and 10% glycerol with protease inhibitors cocktail (Sigma)]. The following antibodies were used in this study: mouse anti-CAPN3 12A2 antibody (Novocastra), mouse anti-V5 (Invitrogen), mouse anti-Mn-SOD (BD Transduction Labs). Cloning of mitochondrial proteins cDNAs and protein co-expression
Full-length cDNAs for mitochondrial proteins identified in the previously performed proteomic screen were produced using RT -PCR. Primers were chosen on the basis of the following Genbank sequences: acyl-coenzyme A dehydrogenase, very long chain (VLCAD), BC026559; carnitine O-palmitoyl transferase II (CATII), U01163; acetyl-coenzyme A acyltransferase (AcCoA), BC028901; trifunctional protein alpha subunit (Trif), AK029017; carnitine acetyltransferase (CrAT), X85983.
To test whether CAPN3 could cleave any of the mitochondrial proteins identified by proteomic comparison (27) , WT CAPN3 or the inactive C129S mutant was cloned into pVL1393 baculoviral transfer vector without any tags to ensure proper protease activity. Individual mitochondrial proteins tagged with V5 epitope peptide, and CAPN3 constructs were co-expressed in a baculovirus system (BD Biosciences) according to the manufacturer's instruction. Insect cells were plated on 10 cm cell culture dishes at 50-70% of confluence and co-infected with plasmids coding for the mitochondrial protein and CAPN3 high-titer viral stocks. After incubation for 3 days at 278C, cells were harvested by lysis in Insect Cell Lysis Buffer (BD Biosciences) with Protease Inhibitor Cocktail (Sigma, 1:100). Soluble fractions were analyzed by western blotting using anti-V5 (Invitrogen) or anti-CAPN3 antibody 12A2 (Novocastra) to detect mitochondrial proteins or CAPN3, respectively.
Isolation of mitochondria and measurement of VLCAD activity
To isolate mitochondria, diaphragm muscles were homogenized in 15 volumes of buffer containing 0.25 M sucrose, 0.2 mM EDTA and 10 mM Tris -HCl, pH 7.8. Homogenates were centrifuged for 8 min at 2000g at 48C, and resulting supernatants were centrifuged for 15 min at 12 000g at 48C. Pellets that contained mitochondria were washed several times with the same buffer. For the measurement of VLCAD activity, mitochondria were either sonicated on ice with three pulses of 3 s each or treated with Triton X-100 at a final concentration of 0.01% (30) .
Assay of VLCAD activity was performed as described previously (30, 53) . Briefly, 20 mg of mitochondrial protein was used for each reaction that was performed in buffer containing 20 mM MOPS, 0.5 mM EDTA and 200 mM of ferrocenium hexafluorophosphate (Sigma Aldrich). Palmitoyl-CoA was used as a substrate at 100 mM concentration. The reduction of ferrocenium hexafluorophosphate to the neutral ferrocene derivative by the active VLCAD upon substrate addition results in decreased absorbance at 300 nm. Measurements were taken after 30 s, 1 min and then every minute for the next 3 min.
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